Introduction
Research on fisheries and climate change has primarily focused on how fisheries will be affected by climate change, for example, climate change will likely decrease primary production, redistribute marine resources and increase the economic strain and vulnerability of already vulnerable countries [e.g., [1] [2] [3] [4] [5] . At present, global greenhouse gas (GHG) emissions are tracking the high-risk scenarios modelled by the Intergovernmental Panel on Climate Change (IPCC), which suggests that 38 billion tonnes of Carbon dioxide (CO 2 ) emissions were released into the atmosphere in 2014 [6] . Furthermore, the average increase in CO 2 emissions has been 2.2% since 2000 indicating that CO 2 production per capita is increasing [6] . Reducing GHG emissions and mitigating the effects of climate change depends on our understanding of what sectors are significant contributors to CO 2 emissions, and where reduction strategies can be effectively implemented. The marine fishing industry relies heavily on the use of fossils fuels, i.e., fuel costs can account for up to 60% of total fishing costs [7, 8] . Previously published estimates suggest that the industrial fishing sector is a significant contributor to global CO 2 emissions [9] [10] [11] [12] [13] [14] but have not yet addressed how CO 2 emissions from fishing have changed over time, nor the contribution of CO 2 emissions from fisheries whose catch is partially or completely unreported. As such, this study had four primary goals: required to catch a given quantity of fish (as is common in small-scale fisheries, particularly in developing countries). Here, fishing effort data were compiled from the bottom up using a reconstruction approach [see [15] [16] [17] [18] and are independent of catch data. Detailed methods are presented in the following sections.
Fishing effort data
The number of fishing vessels for each country were reconstructed by fleet, with a fleet being defined by fishing country, sector, gear, length class and motorization. The engine capacity per fishing vessel (kW) per fleet was determined by length (m) and motorization (Table 1) .
In accordance with the global catch reconstruction approach [15, 19] , a single, standardized global definition for the fishing sectors was not used; rather country-specific definitions were applied to allocated fleet data to fishing sectors. This approach was chosen because there is no standardized definition of what is small-scale 1 and what is industrial, as the transition point from small-scale to industrial is not always the same in every country. When no country-specific definition was available, three main factors were used to determine fishing sector:
1. Gear -any vessels, regardless of size, that deploy mechanized gears such a bottom trawl gear were assumed to be industrial; 2. Vessel size -Any vessels less than 15.9 m were considered to be small-scale; 3. Motorization -Any non-motorised vessels were assumed to be small-scale.
All vessels were placed in length classes and the mean engine power (kW) per boat within each length class was used to estimate fuel use (Table 1) . Care was taken to derive length classes that became progressively wider in order to account for greater variability in the engine power (kW) of larger vessels [20] . Consequently, the arithmetic mean of length was used only for the two smallest length classes, whereas the geometric mean was used for the larger (and broader) length classes. Vessel length (m) was used to estimate engine capacity (kW) for each vessel in a given fleet because it was the only variable available and applicable to all different types of fishing vessels that is correlated with engine capacity. Traditionally, gross tonnage (GT) was used as a main measure of vessel capacity. However, GT describes the internal volume of a vessel and is only reported for, and applicable to, decked vessels greater than 24.9 m [21, 22] . Many of the world's smaller industrial fishing vessels and likely all or most of the small-scale vessels do not meet these criteria. Moreover, GT is more useful for cargo vessels whose internal volume accounts for the carrying capacity of freight [23] .
Effective fishing effort by country is therefore defined here as the product of the engine capacity of the number of boats in a fleet segment and the number of days spent at sea [24, 25] . The number of days at sea was determined via literature searches during individual country fishing effort reconstruction. In those instances where fleet-specific data were not found, the number of days at sea was estimated by gear type and region (Table 2) as estimated in [20] . The core unit of effective fishing effort used here is kW·day in a given year [24, 25] . Linear interpolation was used to estimate fishing effort for years where data were not available.
Fuel consumption
Carbon dioxide emissions by marine vessels are directly correlated with fuel consumption, and it is possible to estimate average fuel consumption from fishing effort [9, 26, 27] , despite operational and technological factors that may impact individual vessel fuel use. Many vessels continue to operate with engines that are decades old [7, 28] , and implementation of fuel saving technologies varies depending on fishing country, fishing sector, price of fuel, status of the fishery and the profitability of fish stocks targeted [eg., 29, 30] . Nevertheless, potential changes in engine efficiency over time were considered here, as this is likely to affect the amount of CO 2 emitted. In order to convert effective fishing effort (kW·day) to fuel consumption, three variables were required: a specific fuel consumption rate (SFR), a fuel coefficient (FC) to account for changes in fuel efficiency over time, and the number of hours engines run per fishing day (H).
Specific fuel consumption rate (SFR)
The fuel used while fishing can vary greatly between individual vessels as a result of many factors, including the gear being used, weather, cost of fuel and operator experience [28, 31, 32] . An estimate of SFR that would apply to many different vessel types was determined by the dominant engine type used within each fishing sector. Most engine-powered fishing vessels are powered with either a diesel engine (most common in the industrial fleets) or a spark-ignited Otto cycle engine, i.e., a gasoline (petroleum) powered outboard engine characteristic of many small-scale fisheries [33] .
The industrial sector was assumed to be exclusively equipped with marine diesel engines due to the larger sizes of vessels and the heavier, often active gear types deployed (e.g., trawls). A study analyzing registered vessels, including fishing, cargo and military vessels, found that over 70% of large vessels are equipped with diesel engines [33] . Fuel consumption is also affected by the type of diesel oil used. In general, there are three categories of diesel oil used in the marine industry: distillate, intermediate and residual [34] . The marine industry usually refers to the intermediate category simply as "marine diesel" and it was the most common fuel type encountered during all data searches ( Table 3 ). The average, standardized SFR for industrial fishing vessels was estimated to be 0.0002 tFuel·kWh −1 ( Table 3) .
The engine characteristics and use patterns for small-scale fisheries generally differ from industrial vessels; engines are smaller and are often gasoline (petroleum) fueled. Some literature does exist on fuel use in small-scale fisheries, and is often reported in litres per kg of catch (e.g., [43] [44] [45] ). Without fuel density, it was not possible to convert litre estimates of fuel use in small-scale fisheries to tonnes of fuel burned per kWh. As a result, the SFR used for the small-scale fishing sector in the present study was derived from fuel use by recreational fisheries. Recreational fisheries differ from artisanal and subsistence fisheries in many ways, however, basic engine characteristics were assumed to be similar, i.e., gasoline fuel of either a 2 or 4 stroke outboard engine. In 2000, SFRs for the two engine types were reported to be 0.0004 tFuel·kWh −1 and 0.00035 tFuel·kWh −1 , respectively (Table 3 ) [38] . The more conservative SFR of 0.00035 tFuel·kWh −1 was used here for all small-scale vessels (Table 4 ). It is evident that more research and detailed data sets on engine types, sizes and fuel consumption are needed for small-scale fisheries around the world.
Fuel coefficient (FC)
The Specific Fuel Rates (SFRs) for industrial and small-scale vessels represent the estimation of fuel consumption at a given point in time; however, engine efficiency has changed with advances in new technology since the 1950s. In order to account for changes in SFR over time, a Fuel Coefficient (FC) was derived. Yanmar, an international builder and supplier of marine engines since 1912 (www. yanmarmarine.eu), provided fuel consumption data for the years 1960, 1974, 1980, 1985, 1989, 1996 and 2002 . These data were used to estimate SFRs annually from 1950 to 2016, using linear interpolation between raw data points. The SFR values for 1950-1959 were assumed to be the same as the 1960 reported value. Similarly, the SFR from 2003 to 2016 were assumed to be constant at the 2002 raw data point. The year 2000 was used as a benchmark, i.e., the FC for the year 2000 was set at 1. The relative FCs over times were then derived for each year to adjust for the changes in SFR over time ( Table 5 ). The FC is a relative marker describing changes in engine fuel efficiency and is therefore a dimensionless measure. The same annual FCs were used for all fishing sectors, thus assuming that fuel efficiency changed equally in both diesel and gasoline powered engines. This assumption requires further research.
Engine run time (H)
The number of active engine run time hours per day of fishing (H) varies greatly between fleets, not only regionally but also across fishing sectors, gear types and seasons. Industrial vessels, for example, generally run their main engines 24 h a day while at sea [46] whereas artisanal fishers are likely to return home at the end of each daily fishing trip and turn off their engines after setting their fishing gears. Gear may also greatly affect engine run time; some more active gears such as trolling require the use of the main engine during fishing whereas other gears (e.g., traps, gill nets, hand lines) only require the engine to run while traveling to/from fishing grounds and during the setting and/or retrieving of the gear, but not necessarily during the active fishing phase. In concordance with previously published fisheries fuel consumption studies, an estimate of mean hours of engine run time was applied specific to fishing sector. The industrial sector was assumed to run their engines 24 h for every day at sea [e.g., 29, [39] [40] [41] [42] (Table 4) . Fishing operations do not occur at all times during an industrial fishing trip. However, industrial vessels are in transit between fishing sites or steaming to or from ports when not actively fishing, in addition to the need for electrical power for on board refrigeration.
The number of hours engines are run in the small-scale fishing sector is highly variable (Fig. 1) . A literature search was conducted and 98 estimates of trip duration (in hours) were found (Appendix A); on average, artisanal fishers undertake fishing trips of 5-6 h per fishing day (Fig. 1 ). The number of engine run hours during each fishing trip depends on various factors, for example, distance to fishing grounds, gear being used, cost of fuel and weather/ocean conditions. In the present study, we assumed that engines on small-scale vessels were run for two thirds of the fishing trip length, or 4 h per fishing trip (Table 4) .
Carbon dioxide emissions factor (EF)
The amount of CO 2 emissions, or the emissions factor (EF), varies by fuel type. Generally less refined and heavier fuel types (e.g., marine The arithmetic mean was used for length class 3 and up. The geometric mean was used for length class 1 and 2. b If no country specific information was found all motorised fleets less than length class 2 were assumed to be small-scale. All motorised fleets in length class and greater were assumed to be industrial. c All non-motorised vessels were assumed to belong to the small -scale sector. d There were no fleets with non-motorised vessels greater than length class 3.
Table 2
Number of days at sea (i.e., fishing trip days) by marine fishing vessels as estimated in Anticamara et al. [20] a . a These values were used in the absence of fleet-and or country-specific data. ), while the emissions factor used for gasoline was 3.01 tCO 2 ·tfuel −1 (Table 3) . CO 2 emissions per fishing country by fishing sector were thus calculated by multiplying the annual effective fishing effort per sector per country by the fuel consumed per sector and by the appropriate emissions factors. Global CO 2 emissions by sector were then estimated by summing all countries annually from 1950 to 2016. Results are also presented by broad geographic region for the year 2011: Africa, Asia (excluding China), China, Europe, Latin America, North America, and Oceania.
Emissions intensity
Emissions intensity (tCO 2 ·tcatch −1 ) for each fishing sector was subsequently derived by taking the quotient of CO 2 emissions and reconstructed catch for each sector [15, 53] . Global catches per country by fishing sector for all years between 1950 and 2014 were taken from the global Sea Around Us catch database publicly available at www. seaaroundus.org [15, 19, 53] . As the reconstructed catch data for most countries have not yet been updated to 2016, the respective value for 2014 was carried forward. Emissions intensity for the industrial sector was derived both with and without the catch of Peruvian anchoveta (Engraulis ringens).
Missing fishing effort
The fishing effort database [24] of the Sea Around Us (www. searroundus.org), currently includes data on 149 marine fishing countries from 1950 to 2016, which account for over 98% of global reconstructed catches [15, 53] . In order to account for the remaining < 2% of catch, fishing effort was estimated by multiplying the fishing effort by fishing sector for the countries with effort data by a sectorspecific extrapolation factor (EF). The EF was derived by taking the quotient of catch by fishing sector of the countries for which effort data had been compiled and the catch for all countries.
Comparison of fuel use and carbon dioxide emissions with Parker et al. [14]
Parker et al. [14] estimated CO 2 emissions using fuel use intensity (litres per tonne of catch) derived from the Fuel Use and Energy Database (FEUD; [13] ). FEUD contains catch and country specific fuel use values; these values were used to estimate emissions intensity per unit of catch which was then multiplied by global catch as presented by Watson [54] . Parker et al. [14] presented their results globally and by major geographic regions: Africa, Asia (excluding China), China, Europe, North America, Latin America and Oceania. The global catch data used in Parker et al. [14] , however, differs from what is included in the Sea Around Us globally reconstructed catch database. For the same year (2011) and regions we compared FUI, EI and total CO 2 emissions by fishing in four different scenarios:
1. Estimated from fishing effort using Sea Around Us reconstructed database (methods described thus far); 
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2. Original estimate in Parker et al. [14] adjusted to account for CO 2 emissions originating only from the combustion of fuel from fishing; 3. Using the 'catch-based FUI' estimates of Parker et al. [14] , multiplied by Sea Around Us global reconstructed catch; and 4. Calibrating our 'effort-based FUI' estimate using the catch-based FUI of Parker et al. [14] regions with the top two number entries in FEUD (Europe and North America) multiplied by Sea Around Us global reconstructed catch. Note that Oceania was excluded from the recalibration estimate because the data for Oceania in Parker et al. [14] represent mostly trawl fisheries (highly fuel intensive and not representative for most of the Oceania region, especially their small-scale fisheries) and was the only region where the FUI by Parker et al. [14] was higher than FUI of the present study prior to recalibration.
Scenario four was designed to account for the possible systematic over estimation of effort-based FUI if one or several of our assumptions were incorrect. It is thought that the catch-based FUI for Europe and North America are likely to be accurate and representative of fisheries in these regions because they have a high number of independent estimates in FEUD. Therefore, the proportion of the average difference between catch-based FUI [14] and effort-based FUI for these two regions was used to calibrate effort-based FUI for all regions. The values from this calculation were applied to the entire time period, and are the CO 2 emissions values reported as the final result.
Results

Global carbon dioxide emissions
Global CO 2 emissions from the main engine combustion of fuel in marine fisheries amounted to approximately 207 million t of CO 2 in 2016, compared to 47 million t of CO 2 in 1950 (Fig. 2) . In 2016, the industrial sector released around 159 million t of CO 2 , i.e., 4.1 times more than in 1950 and accounted for 77% of global CO 2 emissions from marine fisheries (Fig. 2) . In comparison, the small-scale sector released around 47 million t of CO 2 in 2016, 5.8 times more than in 1950 (Fig. 2) . CO 2 emissions in both sectors continued to increase after the mid-1990s, despite declining global catches 9F.
Emissions intensity
The industrial fishing sector demonstrated a substantial decrease in the emissions intensity from 1950 to the mid-late 1960s (with and without the highly variable Peruvian anchoveta catches), from 2. Fig. 3 ). In 1950, the difference in emissions intensity between the two fishing sectors was considerable -the industrial sector was nearly three times higher; however, present day emissions intensity between the two sectors is much more similar and differs only by around 10% (Fig. 3) .
Comparison of fuel use intensity, emissions intensity and total carbon dioxide emissions to Parker et al. (2018)
For the year 2011, our study estimated global average fuel use Table 6 ). There are, however, considerable regional differences in estimated FUI between methods (Table 6 ). Effortbased FUI was considerably higher (greater than 30%) in three regions: Africa, Asia (excluding China) and China (Table 6 ). In contrast, catchbased FUI in [14] was greater both Latin America (24%) and Oceania (46% greater; Table 6 ). CO 2 emissions from fishing were previously reported to be 112 million t in 2011 [14] ; however the global catch data used in Parker et al. [14] differs from what is included in the Sea Around Us reconstructed catch database. When the reconstructed unreported catches are included, CO 2 emissions using the same methods of Parker et al. [14] are estimated to be 158 million t in the same year, i.e., accounting for unreported fisheries raises total CO 2 emissions by 41% (Table 6 ). CO 2 emissions estimated from fishing effort with the FUI calibrated using the regions where Parker et al. [14] had abundant catch-based FUI data (Europe and North America), total CO 2 emissions are estimated to be 208 million t, or 30% more than what was estimated using catch-based FUI (Table 6 ).
Discussion
To effectively reduce CO 2 emissions it is necessary to recognize key contributors and identify ready targets for effective reduction plans, particularly those with the greatest impact. The extent to which marine fisheries, primarily from the combustion of fuel, contribute to global CO 2 emissions both over time and space was unknown until recently (e.g., [12, 14] ). The current study presents several main findings both with regards to the global contribution of marine fisheries to CO 2 emissions, and their regional variation. Regional variation of CO 2 emissions estimates will occur whether catch (as per Parker et al. [14] ]) or fishing effort (present study) is used to estimate fuel use intensity. Our findings for CO 2 emissions are higher than what has previously been reported. The majority of the difference between our study and the previously published estimate [14] may be explained at the regional level: Africa, Asia (excluding China) and China were all found to have much higher FUI when derived via locally reconstructed fishing effort data compared to catch-based FUI estimates. Similarly the mean catchbased FUI estimated by Parker et al. [14] for Latin America was substantially higher than that estimated from fishing effort. We suggest that the difference in FUI for these regions is a result of Parker et al. [14] using FUI data from other regions to supplement areas where catch-based FUI estimates were not available. The Fuel Use and Energy Database (FEUD; [13] ) used by Parker et al. [14] contains a total of 1126 records of catch -based FUI globally, however there are only 34 records of FUI for all of Asia ( in that case including China), 7 for Africa and only 2 for Latin America. In contrast, the number of catch-based FUI records for Europe was 640, followed by Oceania (303) and North America (115) [13] . As a result, data from regions where there were more records available to estimate catch-based FUI were used to supplement and substitute in regions where catch-based FUI was not well covered [14] . Latin America's catch, for example, is dominated by the very efficient purse seine fishery for Peruvian anchoveta, which may lead to over estimating FUI for this region if data from other regions are used in lieu. In contrast the remaining "data poor" regions engage in many highly fuel intensive fishing practices such as trawling leading to catch-based FUI to be underestimated.
The FUI data for Oceania exhibited a different trend than that of the other regions; Parker et al. [14] estimated a higher catch-based FUI but FEUD has a high number of records for this region (303; [13] . Oceania's catch-based FUI is characterized by trawling for crustaceans particularly from Australia -this fishery is known to be very fuel intensive and inefficient [14] . It is possible that when a region's FUI data source is highly skewed by one gear type, using an average FUI by catch may be inaccurate at the regional level. The number of entries in FEUD by country was not available for this analysis, but it is likely that Australia and New Zealand are over-represented in comparison to the many small island countries in this region. If the catch-based FUI estimates for Australia and New Zealand were used to again supplement FUI for other countries within this region, given that Australia has the highest catchbased FUI in the world, it is likely that using Australia's data in other countries in this region would result in an over estimate of FUI. To investigate Oceania further, it would be useful to estimate FUI excluding Australia and New Zealand. While the Sea Around Us fishing effort database does allow for this level of detail, the published version of catch-based FUI does not allow for this type of comparison. The results indicate that both methods, effort-and catch-based FUI, are useful depending on the goals of the study and what data are readily available. Furthermore, when used in conjunction, both methods can be used to Parker and Tyedmers (2015) reports the number of FUI records for Asia (excluding China) and China as a combined total labelled as "Asia". Therefore each of these regions has less than 34 FUI records. h The countries included in each region were not defined in Parker et al., [14] . The region assignment was assumed to be the same as the Sea Around Us and therefore Latin America excludes Mexico and North America includes both Mexico and the Caribbean.
validate each other and identify areas of potential uncertainty. Both sets of results suggest that FUI in the small-scale sector remains highly uncertain and more research focusing on practices in regions with little data, for example Africa, are needed. This study presents data on FUI and CO 2 emissions from the world's small-scale fishing fleet for the first time. It was found that this sector, consisting of both artisanal and subsistence fishing, contributes approximately 25% of annual global CO 2 emissions and, in more recent years, has an emissions intensity similar to that of the industrial sector. The relative CO 2 emissions of the small-scale fisheries sector are commensurate with the approximately 25% of global catches that are taken by small-scale fisheries [15] . Changes over time in the absolute contribution of CO 2 emissions in the small-scale sector are likely driven by increases in motorization of small-scale vessels. Changes in emissions intensity, however, are likely a result of multiple factors, for example the distance travelled by small-scale fishers has increased along many coastlines but catches have not increased to the same extent.
This study was limited in its scope to CO 2 emissions from the combustion of fuel during fishing and did not account for up-or downstream CO 2 emissions of the larger fisheries economic sector. Emissions from sources other than fuel are likely higher for the industrial sector, although more Life-Cycle Assessment (LCA) research on small-scale fisheries is called for. Refrigerant loss, not assessed in this study, has been identified as a significant non-fuel related key source of emissions from fishing [14, 55, 56] ; this form of emissions is relevant to industrial fishing practices only. Similarly, downstream emissions from processing and the often global marketing and distribution of industrial catch are likely to be higher in industrial fisheries -although increasingly small-scale fisheries are beginning to also supply global export markets. If these other factors were to be incorporated into the calculations, the difference in emissions intensity between the two sectors may increase.
Fisheries are likely candidates for CO 2 emission reduction plans, as many fishers may be motivated by the cost of fuel to reduce the major output source of CO 2 . Our results suggest that it is important to determine the primary policy goals at the local level. Small-scale fisheries in absolute terms are estimated to contribute less than the industrial sector, yet have a similar emission intensity. The results suggest then, for example, if a fleet of ten 12 m vessels were removed and replaced with one 35 m vessel, both emissions intensity and total CO 2 emissions from the fleet would remain similar. In contrast if the goal was to reduce emissions intensity and the region is characterized by small-scale fishers it may be appropriate to implement a diesel engine implementation program; however, it would be essential to not unintentionally increase fishing capacity of these vessels. It is therefore important to understand local fleet dynamics prior to developing and or implementing CO 2 emissions reduction strategies. Potential policy action with regards to sector specific CO 2 reduction measures should, however, take into account the social objectives of fisheries management and policy, which tend to favour small-scale fisheries for their higher employment and better livelihood support [57] .
Conclusion
Our study provided spatial and temporal data of CO 2 emissions from marine fishing in the industrial and small-scale sector, including for unreported fisheries, based on bottom-up reconstructed global fishing effort data. CO 2 emissions by global fisheries, both in absolute terms and as emissions intensity, were found to be considerably higher than previously suggested. Regional variation exists in fuel use intensity, and we suggest that supplementing data from well-researched regions for regions where data are sparse should be used with considerable caution. There is a need for the international community to recognize marine fishing as a significant contributor of total CO 2 emissions, and develop strategies and policies that consider local fleet dynamics. 
